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Abstract 

A new package for the air transport of hazardous materials is currently being developed in the 
Transportation Systems Department at Sandia National Laboratories. The baseline design has 
a unique impact limiter which uses layers of aluminum screen wire and aramid cloth fabric. 
A primary motivation for selecting this unusual combination of materials is the need for the 
impact limiter to not only limit the amount of load transmitted to the primary container but also 
remain in place during impact events so that it provides a thermal barrier during a subsequent 
fire. A series of uniaxial and confined compression tests indicated that the layered material does 
not behave like other well characterized materials. No existing constitutive models were able 
to satisfactorily capture the behavior of the layered material; thus, a new plasticity model was 
developed. The new material model was then used to characterize the response of air transport 
packages with layered impact limiters to hypothetical accidental impact events. Responses 
predicted by these analyses compared favorably with experiments at Sandia’s rocket sled test 
facility in which a one-fourth scale package was subjected to side and end impacts at velocities 
of 428 and 650 fps, respectively. 
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1. Introduction

A new package for the air transport of hazardous materials is currently being developed in
the Transportation Systems Departnleut at Sandia National Laboratories. The baseline

desigll has a unique impact limiter which uses multiple layers of aluminum screen wire

and Kevlar 491 c1o(11fabric. A primary motivation for selecting this unusual combination

of lnaterials is the need for the impact limiter to not only limit the amount of load

transmitted to the primary, internal container but also remain in place throughout impact

events so that it provides a thermal barrier during a possible subsequent fire. If the

thermal insulation provided by the aluminum screen wire and the Kevlar fabric is not
sufhcient, then layers of insulating materials such as ceramic cloth may be added to the

composite stack-up,

The mechanical behavior of the layered material was partially characterized by a series

of uniaxial and confil~ecl compression tests. These tests indicated that in compression

the strength and stiffness of the lmateria] is nearly isotropic; however, in tension the

lnaterial is quite anisotropic. In a direction normal to the layers, the material has no

trnsile strengthj whereas, in a direction parallel to the layers the material has a significant

amount of tensile sti-engt h.

A constitutive model for t}le layered wire mesh and Kevlar fabric was needed to nu-

lllerically investigate the behavior of air transport, packages during accidental impact

events. A review of existing c.onstitlltive models indicated that a plasticity model which

was recently developed for rigid polyurethane foams by Neilsen, Morgan, and Krieg [I]

could be modified to capture the isotropic crush behavior of the layered wire mesh and

Kevlar fabric material. Results from the uniaxial and confined compression tests were

used to obtain material parameters for the new layered material model. The uniaxial
al~d confined compression tests were then analyzed to ensure that the model captured
the material behavior exhibited during these tests.

The new isotropic layered material model accurately simulated the material responses

exhibited during the material characterization tests; however, as expected, this isotropic

plasticity model was not able to capture the anisotropic behavior of the layered material

in tension, The effects of this weakness on impact limiter behavior predictions were

evaluated by comparing results from analyses which used the new layered material model

with analyses in which layers of wire mesh and Kevlar fabric were actually modeled

using a technique developed by Attaway [2]. This evaluation indicated that reasonable

predictions of impact, limiter behavior during a typical impact event could be obtained
with the new isotropic plasticity model.

lE.l. duPont de Nemours & Co., Inc.



Next, a steel container with a composite layered wire mesh and Kevlar fabric impact lim-

iter was subjected to a 424 feet per second side impact. This impact event was analyzed

to further benchmark the new layered material model. Finally, a 428 fps side ilmpact

test and a 650 fps end impact test were recently performed on scale model packages with

composite layered material impact limiters. Finite element analyses of these hypothetical

accident events are compared with experimental observations in this report. Results from

both the finite element analyses and the experiments indicate that the layered wire mesh
with Kevlar fabric material will remain intact even during a 650 fps impact event if an

adequate number of Kevlar layers are used. However, the layered wire mesh with Kevlar

fabric limiter allows for the transmission of high loads to the primary inner container.

The primary container was not plastically deformed cluring the 424 fps side impact event,
but was plastically deformed cluring the 650 fps end impact event. The amount of load

transmitted to the primary container can be reduced by introducing layers of material

which absorb more energy than the wire mesh into the impact limiter stack-up, ‘The

analyses presented in this report also reveal that the behavior of the contents (material

inside the primary container) can have a significant positive or negative effect on primary

container deformation. Content behavior must be considered in the development of air

transport package designs.
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2. Experimental Data

The behavior of layers of aluminum wire mesh with and without Kevlar fabric was char-
acterized with a series of uniaxial compression and confined compression tests. In the

uniaxial compression tests, the samples were compressed in one direction and allowed

to expand in directions which are orthogonal to the loading direction. In the confined

compression tests, the samples were compressed in one direction and not allowed to ex-

pand in the directions orthogonal to the loading direction. All of the samples used in

the confined compression tests were manufactured by alternatively stackiug up 20 layers

of aluminum wire mesh and 2 layers of Kevlar fabric. The wire mesh has an initial wire
(Iiameter of 0.0105 inches, and the Kevlar fabric has a thickness of 0.017 inches. The

llndeforrned samples had a cubical shape with an edge dimension of 2.0 inches. The sam-

ples were loacled at various angles relative to the layer stack-up direction. Axial stress
versus axial engineering strain curves generated during the confined compression tests

are shown in Figures 2.1 and 2.2, In these figures, a positive axial stress or strain is

conlpressive. These tests inclic.ate that layer orientation has little effect on the response

of the material; thus, the response of the material to compressive loads is nearly isotropic.

.Also, the compressive strength, a’, varies exponentially with axial engineering strain, c,

as shown in Figure 2,2. The solid line in Figures 2.1 and 2.2 represents a best fit to the

experin~ental confined compression test data which is given by the following equation

crc = 17.0e868f (2.1)

Since the lateral displacements are constrained, the axial engineering strain, ~, has the
same magnitude as the engineering volume strain, elJOt,in these tests.

In a second set of tests, layers of wire mesh and wire mesh with Kevlar fabric were

unconfined and subjected to cyclic, uniaxial loads (Figure 2.3). ‘The applied load was

oriented normal to the wire mesh and fabric layers (i.e. a layer orientation of Odegrees was

l~sed). The number of Kevlar layers and the sample size was allowed to change. Various

szunple sizes were used to determine if the lateral constraint due to friction at the load

platell to sample interface had any effect on the axial response of the layered material.

In the first test, a sample with a length of 6.0 inches, a width of 7.0 inches and the height

of 1,0 inch was used. In the remaining three tests, samples with lengths and widths of

2.0 inches and heights of 1.0 inch were used. In the first two uniaxial compression tests,
the layering was identical to the layering used in the confined compression tests: 3 X (20

Aluminum wire mesh / 2 Kev]ar fabric) for a, total of 60 aluminum wire mesh layers and

6 Kevlar fabric layers. In the last two experiments, the Kevlar layers were eliminated and
a total of 62 layers of alurmnum wire mesh were used. These tesis indicate that inclusion

of the Ke~-lar fabric layers will slightly reduce the axial strain magnitude at which the

11
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load carrying capacity of the layered material begins to significantly increase. This occurs

because the Kevlar fabric is much stiffer than the wire mesh in compression. Also, these

experiments indicate that the lateral strains generated by uniaxial compression are small.

Measurements of the deformed samples after the unconfined compression tests indicated

that the lateral deformation generated during Tests UC 1 and UC 4 was negligible and

during Tests UC 2 and UC 3 the sample width permanently increased from 2.0 inches
to 2.2 inches. This means that the material has a Poisson’s ratio that is nearly equal to

zero. Furthermore, any plasticity model that is developed to capture the behavior of this

material should predict small lateral strains when the material is loaded into the plastic

regime. The solid line in Figure 2.3 represents a best fit to the confined compression

test data (Equation 2.1 ). Results from the limited number of uniaxial compression tests

indicates that Equation 2.1 also represents the uniaxial compression data reasonably

well. Since the layered material exhibited small lateral strains during the unconfined,

uniaxial compression tests, the confining stress generated during the zero degree confined

compression tests must have been small. Thus, the zero degree confined compression tests

and the unconfined compression tests subjected the layered material to nearly the same

load path and the material behavior during these tests was nearly identical.

In tension, the layered material exhibits widely varying behavior. For example, when a

single layer of wire mesh is loaded in-plane, it has a tensile strength of approximately 75

lbs per inch of width [3]. A single Kevlar fabric layer has an in-plane tensile strength of

1400 lbs per inch of width [3]. The aluminum wire mesh has a much smaller in-plane

strain to failure than the Kevlar fabric: thus, the implane tensile strength of the layered

1:3



material is equal to the maximum of the in-plane tensile strength of the Kevlar fabric
or the aluminum wire mesh alone. When the layered material is loaded in a direction

normal to the fabric layers the material exhibits essentially no strength as the layers are

separated.
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3. Review of Existing Plasticity Models

A variety of finite element codes, SANTOS [4], PRONTO-2D [5] andI’RONTO-3D [6],
have been developed at Sandia National Laboratories to efficiently solve large solid me-
chanics problems on the CRAY-YMP. In this chapter, a number of plasticity theories

which have been implemented in these codes are reviewed. The capability of these theo-

ries to capture layered material behavior are then evaluated by simulating the material

characterization tests with the quasi-static code SANTOS [4]. Once appropriate material

models and parameters for the layered material are identified, impact events can be sim-

ulated using the transient dynamic analysis codes PRONTO-2D [.5], and PRONTO-3D

[6] .

Plasticity theories are characterized by their yield function, T, and their evolution equa-

tion for plastic deformation. The yield function defines a surface in stress space which

bounds stress states for which the response of the material is elastic. The flow rule defines

the nature of plastic deformation. In the finite element codes listed above, the material

moclels are expressed in terms of the unrotated Cauchy stress, u, and the deformation

rate, d, in the unrotated configuration [6]. The deformation rate or stretching tensor is

additively decomposed into its elastic, de~, and plastic, dp~, parts as follows:

The plastic part of the stretching tensor is given by the flow rule

(3.2)

where L defines the magnitude of the plastic strain increment and the second-order tensor

g defines the orientation of the plastic strain increment. The constitutive relation is given
by

U=E:de~ (3.3)

where E is the fourth-order elasticity tensor and the double dot indicates a contraction

on two of the indices. Thus in indicial notation, Equation 3,3 would be written as follows:

(3.4)

Equations 3.1 to 3.3 can by combined to obtain the following expression:

&= E:(d–tig) (3.5)

All of the constitutive theories reviewecl in this chapter assume that the elastic response

is linear and isotropic; thus, E is given by

E = 31{P’P + 2G’P~ (3.6)



where K is the bulk modulus and G is the shear modulus. The bulk and shear modul

are related to Young’s modulus, E, and Poisson’s ratio, v, as follows

E
If’ =

3(1 – 211)
G=

E

ql + 21)
(3.7

The fourth-order spherical projection operator, PSP, and the deviatoric projection oper-

ator, Pd, are given by

psP=~i@i pd=I–p’p (3.8)

where I is the symmetric fourth-order identity tensor, and i is the second-order identity.

In indicial notation, the symmetric fourth-order identity and the projection operators

can be expressed as follows:

Ljkl = &5jl + &[~jk) Pyk[ = &j&[ P;kl = Iij~l – P;kl (3.9)

where 6Z1is the Kronecker delta.

in the remainder of this chapter, three different plasticity models which are currently

available in finite element codes are reviewed to determine if any of them can capture
the behavior exhibited by the layered material. The three models include a von Mises

or conventional deviatoric plasticity model, a soil and crushable foam model which was

developed by Krieg [7], and a rigid polyurethane foam model [I].

3.1 Von Mises

The von Mises or conventional deviatoric plasticity model is available in most solid me-
chanics finite element codes. It has a yield function given by

1
Q=F–k ~ = (;a~ : Od)z (3.10)

where 6 is the von Mises effective stress, k is the deviatoric yield strength, and Od is the

deviatoric stress tensor. The associated flow rule for this model is as follows:

dPl = ~
u’

(ad , +

The yield function, W = O, mathematically represents a yield surface that

long cylinder with the hydrostat as its axis. The flow rule for this model

(3.11)

is an infinitely

indicates that
the plastic deformations are purely deviatoric and that the volume of the material does

not Permanently change. This model is obviously not, appropriate for the layered material
which exhibits significant permanent volume Changeswhen it is crushed.
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3.2 Soil and Crushable Foam

The soil and crushable foam model [7] uses two separate yield functions, one for the

volumetric response and one for the deviatoric response. This model assumes that the

volumetric response is independent of the deviatoric response but that the deviatoric

response depends on the mean stress. The yield functions and flow rule for this model

are as follows:

w“ = p – .f(et,ol) (3.12)

Wd= B – (ao + alp+ a2p2) (3.13)

where evOris the engineering volume strain, p is the mean stress, p = —u : i/3, and i
is the second-order identity. The deviatoric yield function, Wd = O, represents a surface
which depends on the mean stress, and the volumetric yield function, Vsp = O, represents

a planar cap normal to the hydrostat. The evolution equation for plastic deformation
indicates that both volumetric and deviatoric permanent deformations can be generated

with this model. Since ~ in Equation 3.12 can be chosen to accurately describe the

volumetric response of the layered material, this material model should be able to capture

the layered material behavior exhibited during the confined compression tests.

3.3 Rigid Polyurethane Foam

The rigid polyurethane foam model [1] has yield functions and a flow rule given by

W’ = u : Pi : u – h(eVO~) i=l,~,3 (3.15)

d~~=~lP1:o+~2P2:~+~3P3: o (3.16)

P’ is the fourth-order principal projection operator defined as follows:

where ni is a vector oriented in a principal stress direction. The yield functions, T; = O,

actually represent 3 pairs of planar yield surfaces with normals given by ni. The flow

rule for this model indicates that a permanent deformation increment may be associated

with each principal stress direction depending on the magnitude of the principal stress.

This model can capture the behavior exhibited by the layered material in the uniaxial

17



and confined compression tests if an appropriate form for the function h in Equation

3.15 is selected. Also, this model can be modified to exhibit behavior in tension which is
significantly different than its behavior in compression by simply making the function h

in Equation 3.15 depend on the sign of the principal stress.



4. Development of a New Layered Material Model

In this chapter, a new layered material model which is similar in many respects to the
existing rigid polyurethane foam model [1] is developed. This new model, like the exist.
ingrigid foam model, has yield functions expressed m terms of principal stresses. The
static uniaxial and confined compression tests indicated that an appropriate forln for the

compressive yield function would be as follows

Qi = _oi_ ~e-~e.d (4.1)

where al is a principal stress which is negative in compression, a and h are material

constants and e,,Olis the engineering volume strain which is also negative in compression.

In tension, we assume that the material is elastic perfectly plastic. Thus, the yield
function for tensile principal stresses is

qj~=Qi-T (4.2)

where ~ is a material constant that represents the isotropic tensile strength of the layered

material. These yield functions represent three pairs of intersecting planar yield surfaces.

The flow rule for the new layered material model is identical to the flow rule for the rigid

polyurethane foam model, Equation 3.16.

The new layered material model was implemented in the static and dynamic finite el-
ements codes SANTOS [4], PRO NTO-2D [5], and PRONTO-3D [6]. The sponsors of

these codes have made the material subroutines and interfaces nearly identical; thus,

implementation of the model into several codes was nearly as easy as implementation

into a single code. In these codes, the new material is referred to as WIRE hlESH and

uses the material cues given in Table 4.1.

Table 4.1. Material Cues for the New Layered Material Model

Cue Units Description

YOUNGS MODULUS Force/Lengthz

POISSONS RATIO

A Force/Length2 a in Eq. +.1

B ~ in Eq. 4.1

TENSION Force /Length~ T in ~q. 42





5. Simulation of Material Characterization Tests

In this chapter, we attempt to use both the soil and crushable foam model and the new
layered material model to simulate the layered material behavior exhibited during the

uniaxia,l compression tests which were presented in Chapter 2.

5.1 Soil and Crushable Foam Model

With the soil and crushable foam model [7], the user is required to prescribe the volumet-

ric response of the material. Since no hydrostatic compression tests were performed on

the layered material, results from the confined compression tests were used to estimate

the hydrostatic response of the layered material. In the confined compression tests, the

engineering volume strain is equal to the measured axial strain because lateral displace-

ments were constrained during these tests, Unfortunately, the confining stress was not

measured during the confined compression tests. The mean stress generated during these
tests was estimated by assuming that the confining stress was negligible compared with

the axial stress and that the mean stress is, thus, approximately equal to the axial stress

clivided by 3. The user is also required to prescribe the dependence of the deviatoric yield

surface on the mean stress by defining the material parameters ao, al, and az in Equa-

tion 3.11. Since there was not enough experimental data to characterize this dependence,

three analyses were completed using various combinations of material parameters ao, al,

and az. The primary purpose of these analyses was to determine if material parameters

ao, al, and Uz could be selected such that the material behavior exhibited during the un-

confined compression tests by the layered material could be captured with this material

model.

These analyses were performed using a one element model of an axisymmetric material

specimen (Figure 5.1) and the quasistatic finite element code SANTOS [4]. The model

was subjected to a uniaxial compressive load to simulate the experimental, unconfined
compression tests. Material parameters given in Table 5.1 were used in these analyses.

Table 5.1. Material Parameters for the Soil and crushable Foam Model

Analysis Elastic Poisson’s ao al az

Number Modulus Ratio

(psi) (psi) (l/psi)

5.1 1,0x 105 0.0 100.0 00 0.0

582 1.0 x 105 0.0 100.0 x 106 0.0 0.0

!5.3. 5.4 1.0 x 105 0.0 0.1 3.0 0.0
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In Analysis 5.1, the material was given alowdeviatoric yield strength of loopsi. When

the sample was compressed in the axial direction, it exhibited large displacements in the

radial direction (Figure 5.2). This significant radial expansion of a material specimen

subjected to unconfined ccmnpression is @PiCal for soils but WaS certainly not exhibited

by the layered wire mesh, Kevlar fabric material when it was compressed in a direction

normal to the layers.

In Analysis 5.2, the layered material was given a large deviatoric yield strength of 10.0 x

106 psi. With this high deviatoric yielcl strength, the rnoclel exhibited radial contraction

when it was compressed in the axial direction (Figure 5.2). This occurs because the

selection of a large deviatoric yield strength prevents the generation of any deviatoric
plastic strains and only allows for the generation of volumetric plastic strains. This

radial contraction associated with uniaxial compression is not exhibited by the layered

material.

In Analysis 5.3, the material parameters were chosen such that the deviatoric yield sur-

face and the uniaxial load path are nearly coincident (Figure 5.3). The deviatoric yield
surface and uniaxial load path would be identically coincident if a value of 0.0 psi was

used for material parameter ao; however, a. is required to be positive so that the ma-

terial has at least some tensile strength. Thus, a small positive value of 0.1 psi was

used for ao. This choice of material parameters is expected to allow for the generation

of both volumetric and deviatoric plastic strains when the material is subjected to uni-

axial compression. With these material parameters, the finite element analysis of the

uniaxial compression test predicted only small radial displacements when the sample was

compressed in the axial direction (Figure 5.2). This analysis indicates that by using the

third set of deviatoric yield function parameters, a. = 0.1, al = 3.0, and az = 0,0, this

model will predict the behavior exhibited by the layered material subject to uniaxial

compression in a direction normal to the layers.

Next, the cyclic unconfined compression test on the layered material was analyzed using

the soil and crushable foam model and the third set of deviatoric yield function param-

eters. A comparison of analytical and experimental results (Figure 5.4) indicates that

the soil and crushable foam model does capture the compressive behavior of the layered

material. In Figure 5.4, a positive axial stress or strain is compressive. In tension, the

layered material exhibits either a significant amount of tensile strength or layer separa-

tion depending on the orientation of the tensile loads. The soil and crushable foam model

is not able to capture the significant reduction in material stiffness associated with layer

separation and instead predicts plastic deformation at very low tensile stress levels. tJn-
fortunately, no plasticity model will be able to capture the material behavior associated

with layer separation, and a much more complex, coupled plasticity-continuum damage

theory is needed if capturing this tensile behavior is important.
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5.2 New Layered Material Model

In this section, the uniaxial compression tests are analyzed using the new layered material

model to determine if this model captures the behavior exhibited by the layered material.

The one element model of an axisymmetr-ic. material specimen shown in Figure 5.1 was
used in these analyses. The model was subjected to a cyclic, uniaxial, compressive load
to simulate a uniaxial compression test. Material parameters given in Table 5.2 were
used in these analyses.

Table 5.2. Material Parameters for the New Layered Material Model

Analysis Elastic Poisson’s a b r

Number Modulus Ratio

(psi) (psi) (psi)

5.5 1.0x 105 0.0 17.0 8.68 ~().()

5.6 1.0 x 105 0.0 17.0 8.68 12.0 x 103

5.7 1.0 x 105 0.0 120.0 8.68 12.0 x 103

In Analysis 5.5, material parameters which are appropriate for loading in a direction

perpendicular to the layers, as in the unconfined compression test, were used. When

the finite element model was compressed in the axial direction, it accurately predicted

a layered material behavior of axial deformation only. In Analysis 5.6, the material was

given a large tensile strength which is appropriate for loading in a direction parallel to

the layers. Again, the model accurately represented the axial compression of the material

(Figure 5.5), and in tension the material exhibited a significant amount of tensile strength.

‘l’his response is appropriate for layered material loaded in a direction parallel to the

layers. In Analysis 5.7, material parameter a was increased to 120.0 psi. This analysis

indicated that the axial strain associated with densification and a significant increase in
the load carrying capacity of the layered material can be modified by changing material

parameter a (Figure 5.,5). If the layered material is precompressed during manufacture

of the impact limiter, then material parameter a can be modified to account for this

precompression. These analyses indicate that with an appropriate selection of material

parameters, uniaxial compression tests on the layered material can be simulated with the
new layered material model. This new model can be given either very little or a significal]t

amount of tensile strength without changing the compressive response of the model. This

featu~e was attractive for the layered material, since it exhibits tensile behavior which is

significantly different than its compressive behavior

Unfortunately, no plasticity model will be able to capture the significant reduction in
material stiffness associated with layer separation or the increase in material stiffness

that is generated when the layered material is compressed into the lock-up regime. To

capture both changes in the elastic response and the permanent deformations, a much

more complex coupled plasticity-continuum damage model will be needed. However, use
of the new plasticity model developed in Chapter 4 is expected to generate reasonable
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predictions for the behavior of the layered material in an impact limiter during a typical

accident event because the amount cyclic loading generated during such an event is

negligible. Also, the most important behavior, the permanent deformation and energy

absorption of the layered material between the container and the impacting surface, will

be captured with the new layered material model.
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6. Effect of Layered Material Modeling variations

Ill this chapter, a series of two-dimensiollall plane strain aJIalyses WprT p~rf(>rll~ec] to

investigate the importance of capturing the anisotropic tensile l)ellavi~r of t,lle ]a,yerecl

matrrial dllring a typical side impact event. These analyses were perforllle(l using the

finite elemeut mode] showl] in Figure 6.1 and PRO NTO-ZD [~]. The package impacted
a fiat, rigid target with an impact velocity of 424 fps ill all of these analyses. However,

a variety of material models and parameters were llsed to (Iesrri})e the impact limiter

material (Table 6.1 ). The steel container and contents were mwlele[l as a s~lj(lFlastic

rod with the same weight pm unit length as a typical filled contail)er.

111Analysis 6.1, the impact limiter material was simulate(l using the new Iayere({ material

model with an isotropic tensile strength of 12,000 psi which is appropriate for loa(liug in

a (lirectiou parallel to the layers. Ill Analysis 6.2. th~ impact Iilniter was nlodeled with

layers of lllaterial with alternating high and low isotropic tensile stren~tll \allles of 12,000
psi and 20 psi. The (Iarl( layvrs in Figure 6.1 were given a high tensile strength. and the

Iightfir layers were given a low tensile strength. The introduction of low tensile strength

layers allows layer separation it] a direction normal to the fal)ric layers. This approach

for capturing the orthotropic material behavior with atl isotropic (onstitllt,ive model was
clevelol)ed hy Attaway [2] to model the behavior of wood impart limiters. II) Analysis 6.3,

Figure 6.1.



Table 6.1. Material Parameters Used in the Evaluation of Layered Material

Modeling Variations

I Lavered Material: New Model.

Analysis Elastic Poisson’s a

Number Modulus Ratio
(psi) (psi)

6.1 1.0 x 105 0.0 17.0

6.2 1.0 x 105 0.0 17.0

6.3 1,0 x 105 0.0 17.0

6.4 1.0 x 105 0.0 1’20.0

3==
b T

(psi)

8.68 12,000

Density

(lb S2 in-4)

4.17 x 10-”5

4.17 x 10-5

4.17 x 10-5

4.17 x 10-5

I Layered Material: Soil and Crushable Foam Model 1

Analysis Elastic Poisson’s a. al az Density

Number Modulus Ratio
(psi) (psi) (l/psi) (lb s’ in.-’)

6.5 1.0 x 105 0.0 0.1 3.0 0.0 4.17 x 10-5

Container/Contents: Elastic

.4nalysis Elastic Poisson’s Density

Number Modulus Ratio
(psi) (lb s’ in.-4)

6.1 to 6.5 30.0 x 106 0.3 4.135 x 10-4

all of the layers were given a low tensile strength of 20 psi. Results from these analyses

indicate that the predicted displacement of the container is rather insensitive to these

layer modeling variations (Figure 6.2). Also, nearly identical acceleration-time histories

were obtained when all of the layers were given a high tensile strength (Analysis 6.1)
and when alternating layers with high and low tensile strength were used (Analysis 6.2).

However, the predicted peak acceleration of the container is significantly lower when all
of’ the layers are given a low tensile strength of 20 psi (Figure 6.3).

Plots of the deformed shape of the impact limiter generated during and after the impact
event are shown in Figures 6.4 to 6.6. Densification of the layered material between the
container and the impacting surface is followed by compression of the layered material

above the container. A comparison of the deformed shapes predicted by the first three

analyses indicates that the manner in which the layers are modeled affects the predicted

deformed shape of the impact limiter, Specifically, inclusion of layers with low tensile
strengths tends to increase the predicted amount of lateral deformation generated during
the numerical simulation.
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In Analysis 6,4, the effects of precompressing the impact limiter during manufacture were
investigated by increasing material parameter a to 120 psi, As expected, the predicted

amount of impact limiter crush-up is reduced when the limiter material is precompressed

and material parameter a is increased (Figure 6.7). However, the predicted peak accel-

eration of the container is only 10 percent higher when material parameter a is changed

from 17 psi to 120 psi (Figure 6.8). Thus, precompression of the layered limiter mate-

rial during manufacture will have a significant effect on limiter deformation during an
impact event but little effect on the loads applied to the primary container. A plot of
the deformed shape of the model (Figure 6.9) also shows that an increase in material

parameter a reduces the amount of impact limiter deformation.

In Analysis 6.5, the layered material was simulated usingthe soil and crushable foam

model. The material parameters were chosen such that the behavior of the layered

material exhibited during the static uniaxial compression tests were captured (Table 6.1).

Results obtained with the new layered material model and the soil and crushable foam

model are compared in Figures 6.10 and 6.11. Similar container displacement predictions

are generated with these two material models, However, when the soil and crushable foam

model was used, the solution algorithm became unstable during the later stages of the
analysis and failed to generate an acceptable solution (Figure6.12).The lack of stable
behavior can probably be attributed to the low tensile strengthneeded by the soil and

:31
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crushable foam model to duplicate the uniaxial compression tests. Since the soil and

crushable foam model failed to generate an acceptable solution to this relatively simple

two-dimensional problem, it was not used in subsequent three-dimensional analyses.
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7. Benchmark Analyses - Steel Container with

Layered Material Limiter

A package with a steel container and a layerecl material impact limiter was slll)jecte~

1,() :Lsi({eimpact into an essentially unyielding surface with an impact velocity of 424

fps. The purposes of this experiment were to evaluate the behavior of a layered material
illlpact limiter and t,o generate data to benchmark roust itutive mode]s for tile layered

lllaterial. II] this chapter, the sitle impart experiment- is analyzed to det,ermille if tile

new layered material model adequately simulates the impact limiter behavior d{lring this

impact event. These analyses were performed using the finite element model S11OWUin

Figure 7.1 and PRONTO-3D [6]. Only one-fourth of the package was modeled due to

the s-ylmnetries preseut iu the package and appropriate boundary conditions were applied

to t,he symmetry plaues. The finite elemeut model includes the layered material inlpact

lillliter. a st(wl coutaiuer. and lead shot coutents. Three analyses were performed usiug

~’ariol]s material paralneters for the layered lnaterial aud the lead shot mutents (Tal>le

7’.1).

1

LE

C(

12 in.

/

Figure 7.1. Tllree-llil~]el~si(jt]al Finite Elenl~ut Mode] of the 13euchmark Package
with a Steel (;outainer.

11] Analysis 7,1. parameters for tile layered Illaterial were clloseu tO lllat~ll tll~ reSUltS

from the Imiaxial matvrial characterization tests. Duriug the manufacture of the pat-kage,

layers of impart limiter lnaterial are wound together aud uot simply stacked UP as they
were for the Iluiaxial con]pressioll tests. Tile \viIl({iIlg process pyuerates a compressive

stress hetweeu the layers and tile layers are pre(:~mpressed prior to the impact f’v~llt.

The amollnt of l)re(-()~~ll)r(’ssi()l]will CIq)ellCI011t~le will~illg tellsjon aucl radial locatiou in
the wiudiug [8]. Layers l]eart,l]e(-otltaillerwill I)epre(-O1llpress~dsiguificautly more than

:)5



Table 7.1. Material Parameters Used in the Benchmark Analyses

Layered Material: New Model

Analysis Elastic Poisson’s a b T Density

Number Modulus Ratio

(psi) (psi) (psi) (lb s’ in-’)

7.1 1.0 x 105 0.0 17.0 8.68 12,000 4.17 x 10-5

7.2, 7.3 1.0 x 105 0.0 120.0 8.68 12,000 4.17 x 10-5

AS19 Steel Container: Elastic-Plastic

Analysis Elastic Poisson’s Yield Hardening Beta Density

Number Modulus Ratio Strength Modulus

(psi) (psi) (psi) (lb s’ in-’)

7.1 to 7.3 30.0 x 106 0.3 56.0 X 103 1.5 x 106 0.0 7.72 X 10-4

I Lead Shot: Elastic or Elastic-Plastic

Analysis Elastic Poisson’s Yield Hardening Beta Density

Number Modulus Ratio Strength Modulus

(psi) (psi) (psi) (lb s’ in-q)

7.1, 7.2 40.0 x 103 0.3 0.0 3.084 X 10-4
7.3 2.0 x 106 0.3 1200.0 100.0 0.0 3.084 X 10-4

layers near the outer surface of the limiter. The effect of a uniform precompression of

the layers was investigated by increasing material parameter a to 120.0 psi in Analyses

7.2 and 7.3. In Analyses 7.1 and 7.2, the lead shot was modeled as an elastic material

and in Analysis 7.3, the lead shot was modeled as an elastic-plastic material. Material

parameters which are appropriate for solid lead were used in Analysis 7.3 [9,10].

Displacement and acceleration histories for the container predicted by these analyses

are shown in Figures 7.2 and 7.3. The displacement plots indicate that the amount of

layered material deformation generated during an impact event is significantly affected by

the amount of precompression generated during assembly (Figure 7.2). The acceleration

plots indicate that the container is subjected to a peak acceleration of approximately
60,000 g’s. The acceleration plots are not very smooth since plot data was only stored at
time intervals of 0,05 msec. due to memory constraints, However, the two-dimensional,

plane strain analyses of a section near the center of the container which were presented in

the previous chapter also predicted a peak acceleration level of approximately 60,000 g’s

(Figure 6.8). A PLOT HISTORY option which allows for the storage of the acceleration

data at every solution step but only at a limited number of nodes in the finite element

mesh was recently implemented in PRONTO-3D [6]. This option can be used in future

analyses to generate accurate acceleration history plots.
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Steel Container Displacement Predicted by the

Element Analyses of a Side Impact,

The cylindrical part of the limiter for this package contained 30

208 layers of aluminum screen wire. The Kevlar fabric layers

.0020

Three-Dimensional Finite

layers of Kevlar fabric and

alone will give the limiter

material an initial tensile strength of 8615 psi in a circumferential direction. As the
layered material is crushed, the spacing between the Kevlar layers will decrease and the

tensile strength of the layered material will increase if the Kevlar layers are not damaged.

The tensile load in a single Kevlar layer was estimated by first computing the principal

Cauchy stresses in the layered material between the container and the impact surface.

As expected, the maximum tensile stresses were oriented in a direction perpendicular

to the package velocity. Element tractions were then computed using the maximum

tensile stress and the current element size. Finally, Kevlar layer loads were estimated by

dividing the element tractions by the number of Kevlar layers in the element. Recall that

the Kevlar layers have a tensile strength of 1400 lbs per inch of width. In Analyses 7.1,

7.2 and 7,3, the predicted maximum Kevlar layer loads are 360, 590, and 560 lbs. /inch,

respectively. Thus, the Kevlar layers are not expected to fail.

,4s predicted by these analyses, the layered material limiter did remain in place during
the 424 fps side impact test. Unfortunately, during the impact test on the experimental

package, lead wires to the accelerometers and strain gages were lost and no experimental

gage data was obtained. Therefore, the only comparisons between analysis and experi-

ment which could be made were of the final deformed shape of the package, Deformed
shapes of the models predicted during the three analyses are shown in Figures 7.4 to 7.6.
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Figure 7.3. Steel Container Acceleration Predicted by the Three-Dimensional Finite

Element Analyses of a Side Impact.

Permanent deformations predicted by these analyses are compared with the experimental

results in Table 7.2. During the impact experiment, layered material beneath the center

of the cent airier was permanently compressed 2.75 inches. The cent airier was deformed

0.082 inches into an oval shape near its midplane (Figure 7.7). Layered material above
the container was compressed 2.125 inches. Analysis 7.1 predicted 3.8 inches of layered
material crush between the container and the impact surface. Analyses 7.2 and 7.3 both

predicted 2.5 inches of layered material crush beneath the container which is reason-

ably close to the experimental measurement of 2.75 inches. Also, Analyses 7.2 and 7,3

predicted 2.05 inches of layered material crush above the container which is reasonably

close to the experimental measurement of 2.125 inches. Thus, reasonable deformation

predictions for the wound impact limiter were obtained by using a value of 120 psi for

material parameter a.
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Figure 7..5. Deformed Sl]apeof tl]e Fit~ite Elet~leIlt Model- Analysis 7:2.

0.8 msec. 1.5 msec.

Figure 7.6. Deformed Shapeof t}le Finite Element Mode}- Aualysis7.;~.



Figure 7.7. Location of Deformation hleasureme~ts Slumnarized in Table 7.2,

Table 7.2. Perlllanent Deformations Predicted by tl]e Bellcllnlark Analyses

h4easllremt=nt Experimental Deformation Predicted by Analysis:

Location Measurement 7.1 7.’2

Number (in) (in) (in) ;:)

& 2.75 3.80 2.50 2.50

1) 0.082 0.068 0.080 O.l:KI
(- 2.12.5 3.00 ‘2.05 2.05

Analysis 7.2 predicted that the container would ovalize and be permanently deformed
0.080 inches Ilear its midplane. This prediction is very close to the expmimental observa-
tion of 0.082 inches. Analysis 7.;1 predicted that t,he steel container would deform 0.130

itlclles at its midplane. Thus, the container defortllatioll predictions are affected by how

the contents are simldated, F’re(lictiolls for steel c,olltai~ler deformation could probably
l>e ilnprovd hy accllrately IneasllriIlg tl~~ stress-strain respoIlse of tile container material

aIld Ilsing, fOI’PXalllple, tht’ deviat,oric plasti~,ity IIIO~el with power law hardeuiug which

is I1OWa.vailahle ill PRO NT()-U3D [11]. III tl~ese aualysesl a simple bilinear stress- straitl
cllrve was llsed to desrril)e the heilavior of tile steel container.
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8. Air Transport Package Analyses - End Impact

A one-fourth scale model of an air transport package was subjected to an end impart with
an ilnpact velocity of 650 fps at the rocket s!ed test facility. h this chapter, results from

axisymmetric, tii’()-ditllellsiollal aualyses of mcl impact evmts are presented aucl compared

with the experilnental results. These analyses were performed using the axisymmetric

finite element, model shown in Figure 8.1 aucl PRO NTO-2D [5]. This finite element

model represents the packa~e that was subjected to an eud impact at the rocket sled test

facility. The model iurlucles: the layered material limiter. aluminum load spreader plates.

perforated idllminuln plllgs, the titanium container, aucl the lead shot contents. The thin

stainless steel shell which surrounds the limiter was not included in these analyses because

axisymmetric shell elements are Ijot available in PRONTO-2D [,5].

h ‘“in--l

ALUMINUM PLATE

4
LAYERED MATERIAL j

PERFORATED AL PLATE ;
j

CONTAINER

LEAD SHOT 32.0 in

Figure 8.1. Axisynunetric Finite Element Model of an Air Transport Package.
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Figure 8.2. Axial Stress-Strain Be.haviorof Perforatecl Alunlinun]Plate Material.

Theperforatecl alul]liuul~] plate lllaterial was partially characterized with an unconfiuecl

compression test. During this test, the perforated aluminum plate behaved much like a

rigid foam material (Figure. 8.2). The polyurethane foam plasticity model [1] with a yield

function given by
@ = -J -(a+ by’) (8.1)

was used to simulate. the compressive. response of this material. To ensure that the. mocl-

ified foam plasticity mode] captured the behavior of the. perforated aluminum plate, the

unconfined compression test was analyzed using the finite element tnodel showu in Figure.

5.1 and material parameters given in Table. 8.1, TIIe analysis revealed that the modified

plasticity model would capture the uniaxial response of the. perforated aluminum plate
(Figure 8.2). The modified plasticity mode] may not capture the response of the pm-fo-

rated aluminum to other load paths; however, the model is sufficient for the end impact
simulation in which the perforated aluminum plate. is subjected to uniaxial compres-

sion, The behavior of the perforated aluminum material is king thoroughly evaluated

by Brown [12].

EncI impact events were then analyzed using the finite element model shown in Figure

8.1. The material parameters used in these analyses are given in Table 8.1. The. material

densities were chosen such that the various parts of the model would have. the same

total mass as the corresponding parts in the actual package. Analyses 8.1 and 8.2 were

performed using elastic contents and layered material parameters which are appropriate

for precompressecl layered material. In the remaining four analyses, the effects of content

and layered material modeling variations were investigated. Analyses 8.;3 and 8.4 were
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Table 8.1. Material Parameters Used in End Impact Analyses

I Perforated Aluminum: Modified Plasticity Model

Analysis Elastic Poisson’s a b Density
Number Modulus Ratio

[psi) (psi) (lb s’ in-4)
8.1 to 8.6 5.0 x 105 0.0 7.0 x 103 88.0 x 103 1.3 x 10-4

Layered Material: New Model I
Analysis

Number

8.1, 8.3

8.2, 8.4

8.5

8.6

Elastic

Modulus

(psi)

1.0 x 105

1.0 x 106

1.0 x 105

1.0 x 106

Poisson’s

Ratio

0.0

0.0

0.0

0.0

120.0 8.68
17.0 8.68
17.0 8.68

T

(psi)

12,000

36,000
12,000

36,000

d
Density

(lb s’ in-4)

3.625 X 10-5

3.625 X 10-5

3.625 X 10-5

3.625 X 10-5
I

Titanium Container: Elastic-Plastic

Analysis Elastic Poisson’s Yield Hardening Beta Density
Number Modulus Ratio Strength Modulus

(psi) (psi) (psi) (lb s’ in-4)

8.1 to 8.6 19.0 x 106 0.3 136.0 X 103 15.0 x 103 0.0 4,08 X 10-4

Lead Shot: Elastic or Elastic-Plastic

Analysis Elastic Poisson’s Yield Hardening Beta Density

Number Modulus Rat io Strength Modulus
(psi) (psi) (psi) (lb s’ in-’)

8.1, 8.2 40.0 x 103 0.3 0.0 3.189 X 10-4

8.3 to 8.6 2.0 x 106 0.3 1200.0 100.0 0.0 3.189 X 10-4

Aluminum Spreader Plate: Elastic-Plastic

Analysis Elastic Poisson’s Yield Hardening Beta Density

Number Modulus Ratio Strength Modulus
(psi) (psi) (psi) (lb s’ in-4)

8.1 to 8.6 10.6 X 106 0.3 20.() x 103 5.0 x 105 0.0 2.60 X 10-4

Foam Pads: Elastic

Analysis Elastic Poisson’s Density
Number Modulus Ratio

(psi) lb s’ in-4

8.1 to 8.6 1.0 x 105 0.0 3.625 X 10-5
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identical to Analyses 8.1 and 8.2 except that the contents were modeled as an elastic-

plastic material. Analyses 8.5 and 8.6 were identical to Analyses 8.3 and 8.4 except that

Ihe layered material parameter a was reduced to 17.0 psi to simulate layered material

that is not precompressed. During assembly of the package, the ends of the limiter

were manufactured by simply stacking Up the layered material inside a stainless steel

shell and manually compressing the layers some undefined amount. In Analyses S.1, 8.3
and 8.5 the package was given an ilmpact velocity of 424 fps and in Analyses 8.2, 8.4
and 8.6 the package was given an impact velocity of 650 fps. III the 650 fps analyses,

the layered material was compressed enough such that the layered material obtained a

tangent modulus in excess of 1.0 x 105 psi; thus, an elastic modulus of 1.0 x 10G was used
for the layered material in these analyses. In the 424 fps analyses, the layered material

was given an elastic modulus of 1.0 x 105 psi. This variation in elastic modulus is only

expected to affect the predicted rebound velocity of the package. Also, in the 6,50 fps

analyses the tensile strength of the layered material was increased to 36,000 psi so that
in the simulations the layered material would remain elastic in tension.

Container displacement and acceleration histories predicted by these analyses are shown
in Figures 8.3 and 8.4. The displacement plots show that, as expected, the amount of

layered material crush increases with impact velocity. Also, significantly more impact

limiter crush is generated in Analyses 8.5 and 8.6 when the layered material is not

precompressed. The acceleration plots indicate that the container is subjected to peak

accelerations of approximately 30,000 and 60,000 g’s during impact events with impact
velocities of 424 and 650 fps, respectively. The acceleration plots for Analyses 8.1 and 8.2

indicate that the container will be subjected to acceleration levels in excess of 90,000 g’s
when the package is rebounding from the impact surface. These high acceleration levels

are caused by the elastic contents impacting the inner walls of the container. In Analyses

8.3 to 8,6, the contents were modeled as elastic-plastic materials and high acceleration

levels were not generated in the container during rebound.
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The end sections of thepackage limiter have approximately60 layers of wire mesh and
4 layers of Kevlar fabric per inch. The Kevlar fabric layers alone will give the limiter an

initial tensile strength of 5600 psi in directions perpendicular to the axis of the package.

Using the procedure outlined in Chapter 7, the predicted maximum tensile load in the
Kevlar layers was computed from the maximum principal Cauchy stresses. The predicted

maximum tensile load in a single Kevlar layer is given in Table 8.2. Recall that a single
Kevlar layer has a tensile strength of 1400 lbs/in. Analyses 8.1, 8.3 and 8.5 indicate
that the Kevlar layers will not fail during a 424 fps impact event. Analyses 8.2 and 8.4

predict that Kevlar layers between the aluminum spreader plate and the impact surface

will nearly fail during a 650 fps impact event, and Analysis 8.6 predicts failure of these

Kevlar layers.

Container and package deformations predicted by these analyses are summarized in Table

8.2. As expected, the impact limiter deforms more when the layered material is not

precompressed and when the impact velocity is increased. Plots of the deformed package

shape predicted by Analyses 8.2, 8.5 and 8.6 are shown in Figure 8.5. In Analysis 8.2, the

contents are elastic and a maximum equivalent plastic strain of 5.3 percent is generated

near the end of the container opposite the lid (Figure 8.6). In Analyses 8.4 and 8.6, the

contents are elastic-plastic and maximum equivalent plastic strains of 8.9 and 8.1 percent,

respectively, are generated near the lid end in the cylindrical wall of the container (Figure

S.6). This plastic deformation leads to bulging of the container and a permanent increase

in the outside diameter of the container. Analyses 8.3 and 8.5 indicate that the container

will experience little permanent deformation when the impact velocity is reduced to 424

tps.

Table 8.2. Permanent Deformations Predicted by the End Impact Analyses

Analysis

Number

8.1

8.2
8.3
8.4

8.5

8.6
xperiment

Maximum

Kevlar

Loadl

(lb/in)

590

1360
640
1360

460

1580

Package

Height

Decrease

(in)

11.0

14.0
11.0
14.0

16.0

19.2

Container

Height

Decrease

(in)

0.000

0.029
0.000
0.120

0.000

0.080
0.120

1 Maximum In-plane Tensile Load In a

A scale model package was manufactured and subjected

sled test facility. During this test, a stationary package
reinforced concrete block which was carried by a sled and

Cent airier

O.D.

Increase

(in)

0.002

0.006
0.001
0.140

0.012

0.136
0.100

Kevlar Layer.

LOan end impact at the rocket

was impacted with a steel and
accelerated to a velocity of 650
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a. undeformed b. Analysis 8.2

c. Analysis 8.5 d. Analysis 8.6

Figure 8.5. Deformed Shapeof Finite Elenlent Model After End Impact Event.
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Figure 8.6. Equivalent Plastic. Strain ~enerateci in (;ontainer During impact Event.
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Figure 8.7. Deformed $lhape of Sectioned Package After 650 fps End Impact Test.

fps prior to impact. After the initial impact, the package rebounded and escaped from the

catcher box and was trapped beneath the sled as it traveled down the track. Additional

impact limiter damage was probably generated during this undesired post impact phase
of the experiment. Most of the impact limiter remained attached to the package during

the entire experiment. However, layered material in the end sections of the limiter, which
was predicted to fail by Analysis 8.6, separated from the primary container during the
experiment. The entire package was sectioned after the experiment. A photograph of

one-half of the sectioned package is shown in Figure 8,7. This photograph shows that the

height of the impact limiter is significantly reduced during the impact event. A close-up

view of the sectioned container is shown in Figure 8.8. As predicted by Analyses 8.4

and 8.6, the container is bulged near the lid. The maximum outside diameter of the
container has permanently increased O.10 inches. Analyses 8.4 and 8.6 predicted that the

maximum outside diameter of the container would permanently increase 0.140 and 0.1:36

inches, respectively.
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9. Air Transport Package Analyses - Side Impact

A one-follrth scale mode] of au air trausport package with a layered wire mesh aud Kevlar
fabric impact limiter was subjected to a side impact reverse ballistic test with an impact
velocity of 428 feet per secoud. In this chapter, results from tllree-ctillletlsiollal finite

elemcmt analyses of si(ie ilnpact events are presented and compared with the experimental

resldts. These aualyses were pet-formed Ilsing the finite element model shown iu Figllre 9.1

aud PRO NT()-3D [6]. (lnly one-half of the package was modeled due to the symmetry

l~resent in the package geolnetry and loading. Appropriate boundary conditions were

applied to the symmetry plane. The entire model is shown in the top half of Figure 9.1

and a close-up view of the foam pads+ titanilnn container, and lead contents is shown in

the bottom half. The model has a layered material impact limiter which is surrounded
by a :~04 Stainless Steel shell. The steel shell was modeled using tl~e shell elements

ill PRONT03D [13]. The rest of the package was modeled using till-ee-dil~~ellsiollal
colltitlllllm elemeuts.

LAYERED MA’IEFUAL-/

CCMWAINER~

Figure 9.1. Tl~ree-Dillletlsiollal Fiuite Element Model of an Air Transport Package.
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Table 9.1. Material Parameters Used in the Side Impact Analyses

Layered Material: New Model

Elastic Poisson’s a b T Density

Modulus Rat io

(psi) (psi) (psi) (lb s’ in-’)

1.0 x 105 0.0 120.0 8.68 12,000 3.625 X 10-5

I Lead Shot: Elastic I
Elastic Poisson’s Density

Modulus Ratio

(psi) (lb s’ in-’)

40.0 x 103 0.3 3.189 X 10-4

I Titanium Container: Elastic-Plastic

Elastic Poisson’s Yield Hardening Beta Density

Modulus Ratio Strength Modulus

(psi) (psi) (psi) (lb s’ in-’)

19.0 x 106 0.3 136.0 X 103 15.0 x 103 0.0 4.08 X 10-4

304 Stainless Steel Shell: Elastic-Plastic, Power Law Hardening

Elastic I Poisson’s I Yield I Hardening I Hardening I Luder’s I Density

Modulus Rat io Strength Constant Exponent Strain

(psi) (psi) (lb s’ in-’)

28.0 X 106 0.3 28.0 X 103 192746.0 0.748190 0.0 7.5 x 10–4

Foam Pads: Elastic

Elastic Poisson’s Density

Modulus Ratio

(psi) (lb s’ in-’)

1.0 x 105 0.0 3.625 X 10-5

Material parameters used in these analyses are given in Table 9.1. The layered material
was modeled using the same mechanical parameters as in the previous analysis. The

densities of the layered material, titanium container, and lead shot contents were selected

such that these components had the same total mass as the actual parts which were used

in the side impact experiment. The lead shot was modeled as an elastic material with

a low elastic modulus of 40,000 psi. The 304 Stainless Steel shell was modeled using

the elastic-plastic, power law hardening material model [11]. The thin foam pads were

modeled as an elastic material with the same elastic properties as the layered material.
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In the first analysis, the model was subject to an side impact into a rigid target with

an impact velocity of 424 fps and in the second analysis the model WaS given an impact

velocity of 650 fps. Displacement and acceleration histories for the container predicted by

these analyses are shown in Figures 9.2 and 9.3. The displacement plots indicate that the

amount of layered material crush increases with impact velocity. The acceleration plots

indicate that the container is subjected to peak accelerations of approximately 55,OOO and

85,000 g’s for impact velocities of 424 and 650 fps, respectively. The acceleration plots are

not very refined since plot data was only stored at time intervals of 0.05 msec.; however!

the acceleration history for the 424 fps impact event is similar to the acceleration historY

shown in Figure 7.3 for the package with a steel container subjected to a 424 fps side

impact, These container acceleration levels obtained during side impacts events with the

air transport package (Figure 9.3) are significantly higher than the acceleration levels

obtained during the end impact events (Figure 8.4).

The cylindrical part of the limiter for this package contained 24 layers of Kevlar fabric

and 374 layers of aluminum screen wire. The maximum tensile load in a Kevlar layer
was estimated using the procedure outlined in Chapter 7. A comparison of the predicted

maximum tensile load with the tensile strength of a single layer, 1400 lbs/in,, revealed
that the layered material between the container and the impact surface would not fail

during a 424 fps impact event but would, at least, begin to fail during a 650 fps impact

event. Maximum tensile Kevlar layer loads of 970 lbs/in. and 1930 lbs. /in. were predicted

for impact velocities of 424 fps and 650 fps, respectively. Additional Kevlar layers should

be added to prevent limiter failure during a 650 fps impact event.

.4 one-fourth scale model package was manufactured and subjected to a side impact at
the rocket sled test facility An impact velocity of 428 fps was generated during this test.

As predicted by the finite element analyses, the limiter did not fail in tension during this
test, No strain gage or accelerometer data were obtained during the experiment; thus,

the only comparisons between analysis and experiment which could be made were of the

final deformed shape of the package. Deformed shapes of the models predicted during

these analyses are shown in Figures 9.4 and 9..5. The titanium containers stopped moving
towards the target at 0.8 rnsec. and 0.7 msec. during the 424 fps and 650 fps impact

events, respectively. The 424 fps and 650 fps analyses were terminated at 1.5 msec. and
1.4 msec., respectively. The deformed shape of a section of the tested impact limiter

is shown in Figure 9.6. The predicted deformed shapes of the impact limiters compare

reasonably well with the experimental result, However, the analyses indicated that the

center of the titanium container would be permanently deformed 0.060 in. during the

424 fps impact event and 0.160 in. during the 650 fps impact event. Measurements of

the titanium container after the 428 fps impact indicated that the container was not

permanently deformed. This discrepancy could be due to inadequate modeling of the
container or the the contents. The two-dimensional analyses of the end impact event

which were presented in Chapter 8 showed that the container deformation predictions

are significantly affected by content modeling assumptions.
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0.8 msec. 1.5 msec.

Figure 9.4. Deformed Shape of Finite Element Model -424 fps Side Impact.

0.7 msec. 1.4 msec.

Figure 9.5. Deformed Shape of Finite Element Model -6.50 fps Side Impact.

Figure 9.6. Deforln@d Shape of the Impact Limiter After it was Sectioned -428 fps
Side Impart Experiment.
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10. Summary

An isotropic plasticity model for composite layered wire mesh and Kevlar fabric material
has been developed and used in the investigation of hypothetical air transport package

accidents. Results from a limited number of unconfined and confined compression tests

were used to obtain material parameters for the new layered material model. The material

characterization experiments were then analyzed to ensure that the new plasticity model
captured the material behavior exhibited during these tests. The new plasticity model

accurately captures the isotropic compressive response of the layered material but does

not capture: (1) increases in the elastic stiffness as the material is compressed and (2)

anisotropic tensile response and layer separation. A material model which captures the

increase in layered material stiffness as it is compressed was recently developed by Krieg

and Brown [3, 12]. This new model should be used in future analyses of hypothetical

accidental impact events. The current investigation revealed that an accurate simulation
of the anisotropic tensile response of the layered material is not needed to generate

accurate load transfer and container deformation predictions; thus, an isotropic model

for the layered material should be adequate for most impact event simulations.

Results from both the finite element analyses and the experiments indicate that a conl-
posite layered wire mesh and Kevlar fabric impact limiter will remain intact during a 650

fps impact event if the nmmber of Kevlar layers is adequate. However, the layered wire

mesh and Kevlar fabric impact limiter allows for the transmission of rather high load lev-

els to the primary inner container. The primary container was not plastically deformed

during the 428 fps side impact experiment but was plastically deformed during the 650

fps end impact experiment. The amount of load transmitted to the primary container
may be reduced by either adding wire mesh layers or replacing the wire mesh layers with

layers of material which absorb more energy than the wire mesh. These modifications to
the baseline design should be investigated further. Also, the analyses presented in this

report reveal that content behavior can have a significant positive or negative effect on

primary container deformation. For example, the 650 fps end impact simulation revealed

that the internal pressure generated by the plastically deforming contents contributes to

the undesirable bulging of the containment vessel. Content behavior must be considered

in the development of air transport package designs.
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